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Energy-treatment sputtering (ETS), sputter film deposition performed during film growth with slight etching of the advancing surface with an 
ion-beam, can be applied to deposit SiO2 films on glass wafers. The surface roughness Sa of 700-nm-thick ETS-SiO2 film is 0.17 nm, which is 
remarkably lower than that of films deposited using conventional magnetron sputtering (Sa=0.78 nm). Moreover, the Sa of 700-nm-thick ETS-SiO2 
film deposited on thick Al film having a rough surface of Sa=2.95 nm is only 0.24 nm. Bonding performance using ETS-SiO2 films is identical to 
that using SiO2 films with smooth surfaces obtained after chemical mechanical polishing. 
 
Room-temperature bonding of wafers is a promising 
technology for realizing new optical devices, electronic 
devices, power devices, and microelectromechanical 
systems. Atomic diffusion bonding (ADB) of two flat 
wafers with thin metal films is a promising process to 
achieve room-temperature wafer bonding1,2) along with 
surface-activated bonding3–6). With the ADB process, any 
mirror-polished wafer can be bonded using thin metal 
films. 
Films have been deposited in some cases on wafer 
surfaces. The bonding is conducted between the wafer film 
surfaces. Surface roughness of the deposited film surface is 
generally greater than that of the original wafer surface, 
particularly in thick films.7) Chemical mechanical polishing 
(CMP) is then necessary to reduce the film surface 
roughness before bonding.8,9) 
We used sputter film deposition to fabricate thick oxide 
films with extremely smooth film surfaces.10) This film 
deposition process is sputter film deposition performed 
during film growth with slight etching of the advancing 
surface using an ion-beam. Etching during film deposition 
reduces the surface roughness of the deposited films. We 
designate this process as energy-treatment sputtering (ETS). 
In an earlier study, surface roughness Sa was evaluated 
using atomic force microscopy (AFM) as 0.17 nm for 
200-nm-thick SiO2 films deposited on synthetic quartz 
glass wafers using ETS. That film surface roughness was 
remarkably less than that of a film deposited using 
conventional sputtering (Sa=0.46 nm). Moreover, we 
demonstrated that the ETS-SiO2 (200 nm) films were 
bonded between the surfaces using ADB process with 
0.1-nm-thick Ti film on each side. In fact, bonding over the 
entire area was completed using only 0.1-nm-thick Ti film 
because of the low surface roughness of ETS-SiO2 films.10) 
As described herein, we examined the thickness 
dependence of Sa of ETS-SiO2 films. Then we studied the 
technical potential to reduce surface roughness of 
ETS-SiO2 films deposited on a rough surface. Moreover, 
we examined the bonding potential of ETS-SiO2 films 
using ADB with thin Ti films. 
Figure 1(A) portrays a prototype ETS process machine 
(Canon ANELVA Corp.) used for this study. A schematic 
illustration is also presented in Figure 1(B). The Ar gas 
pressure for ETS process was fixed at 0.08 Pa. For film 
deposition, RF magnetron sputtering was used with 2000 
W power. We used ion-beam source power of 80 W to 
conduct Ar ion-beam etching of the advancing surface 
during film growth. 
Figure 2(A) portrays AFM surface images for SiO2 films 
deposited on Si wafers using ETS: (A)-a for 200-nm-thick 
SiO2 film and (A)-b for 700-nm-thick SiO2 film. For 
comparison, AFM images for SiO2 films deposited using 
conventional RF magnetron sputtering (Conventional-sp) 
are also shown in the panels of Figure 2(B). Values of Sa for 
ETS-SiO2 were 0.16 nm for 200-nm-thick film and 0.17 nm 
for 700-nm-thick film. These values are much smaller than 
those obtained from deposition using conventional-sp. 
  Figure 3 presents values of Sa for ETS-SiO2 films and 
conventional-sp- SiO2 films as a function of film thickness. 
No significant difference of Sa against film thickness was 
observed for ETS-SiO2 films, although Sa for 
conventional-sp-SiO2 films increased remarkably as the 
film thickness increased. 
   
 
Fig. 1. (A) Prototype ETS process machine (Canon ANELVA Corp.) 
used for this study. (B) Schematic illustration of the machine. 
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Fig. 2. (A) AFM surface images for SiO2 films deposited on Si 
wafers using ETS: (A)-a for 200-nm-thick SiO2 film and (A)-b for 
700-nm-thick SiO2 film. In panel (B), a and b are those deposited 
using conventional RF magnetron sputtering. 
 
 
Fig. 3. Values of Sa for ETS-SiO2 films and conventional-sp-SiO2 
films as a function of film thickness. 
 
ETS processing was effective to achieve small Sa of SiO2 
films deposited even on a rough surface. Figure 4(A) 
presents an AFM image of 200 nm-thick Al film deposited 
on Si wafer. Surface morphology caused by grain-growth 
was observed clearly. Sa was a large value of 2.95 nm. 
Figures 4(B) and (C) present AFM images of 700-nm-thick 
SiO2 films deposited on the Al film surface using (B) ETS 
and (C) conventional-sp. The Sa of conventional-sp SiO2 
film was 3.73 nm, which was enhanced compared to that of 
the original of Al film surface. However, Sa of ETS-SiO2 
film was only 0.24 nm, which was much lower than the 
original surface roughness of Al film, which indicates that 
ETS processing is effective to fabricate thick oxide films 
with an extremely smooth film surface, even on a substrate 
with a rough surface. 
We examined the bonding potential of ETS-SiO2 films 
using ADB with thin Ti films. ETS-SiO2 (200 nm) films 
were deposited on quartz glass wafers surfaces. The 
ETS-SiO2 films were bonded between the surfaces using 
ADB with Ti films with film thickness of 0.2 nm on each 
side and 0.5 nm on each side, respectively. An ultrahigh 
vacuum (UHV) DC-magnetron sputtering system was used 
for ADB. The vacuum chamber’s base pressure was less 
than 1 × 10-6 Pa. Using sputter deposition, thin Ti films 
were fabricated on the surfaces of ETS-SiO2 films of two 
flat wafers. Immediately thereafter, the two Ti films on the 
wafers were bonded in the same vacuum. No substrate 
heating was conducted during deposition or bonding 
processes. The film thickness was calculated from the 




Fig. 4. (A) AFM image of 200 nm-thick Al film deposited on Si 
wafer. Panels (B) and (C) show images of 700-nm-thick SiO2 films 
deposited on the Al film surface using ETS and conventional-sp. 
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Figure 5 portrays pictures of quartz glass wafers bonded 
using ADB with (A) Ti(0.2 nm) on each side and (B) Ti(0.5 
nm) on each side. Bonding over the entire area was 
completed in both bonded wafers because of the low 
surface roughness of ETS-SiO2 films. 
  Table I presents values of the surface free energy at the 
bonded interface  evaluated using the blade method with 
Maszara’s equation11) of bonded wafers. The  values were 
evaluated for as-bonded wafers and wafers after 
post-bonded annealing at 200 and 300 °C.  
As-bonded wafers with 0.5 nm films showed a high  
value of 2.1 J/m2, which was enhanced further as the 
annealing temperature increased. The  value for bonded 
wafers after annealing at 300 °C could not be evaluated 
using the blade method because the blade could not be 
inserted between the wafers. For as-bonded wafers with 0.2 
nm films, the  value was 0.8 J/m2. This value is much 
smaller than the surface energy of Ti12–14), because the 
bonding of two wafers is performed between thin reactive 
layers of Ti on wafers (Ti oxides).15) But it was enhanced by 
post-bonded annealing, reaching 1.4 J/m2 after annealing at 
300 °C. 
  Table II presents values of light transmittance averaged 
from 380 nm to 800 nm, which penetrated the bonded 
interface TL for these bonded wafers. Post-bonded 
annealing remarkably enhanced the TL values of wafers 
with 0.2 nm and 0.5 nm films. In fact, TL of wafers bonded 
with 0.2 nm films reached 99.9 %, which was 
indistinguishable from 100 % given the accuracy of the 
experiment.  
  The behaviors of  and TL as functions of Ti film 
thickness and annealing temperature were almost identical 
to those of bonded SiO2 films that were chemically and 
mechanically polished after SiO2 deposition,16) indicating 
that ETS-oxide films with extremely smooth surfaces are 
suitable for room-temperature bonding. 
  For fabricating new optical/electronic devices, ADB 
with ETS-oxide films is expected to be useful. In principle, 
ETS is useful for fabricating metal films with a smooth 
surface, making it useful also for ADB. 
 
 
Fig. 5. Quartz glass wafers bonded using ADB with (A) Ti(0.2 nm) 
on each side and (B) Ti(0.5 nm) on each side. 
 
Table I.  Surface free energy values at the bonded interface  for 
ETS-SiO2 films bonded using ADB with thin Ti films. Films were 
deposited on quartz glass wafers.  values are those of as-bonded 
wafers and wafers after post-bonded annealing at 200 and 300 °C. 
Ti film thickness 




Annealing temperature (oC) 
200 300 
0.2 0.8 1.0 1.4 
0.5 2.1 2.7 Unmeasured 
 
 
Table II.  Light transmittance values averaged from 380 nm to 800 
nm, which penetrated the bonded interface TL for the bonded wafers 
presented in Table I. 
Ti film thickness 
on each side 
(nm) 
Light transmittance, TL (%) 
As-bonded 
Annealing temperature (oC) 
200 300 
0.2 98.3 99.5 99.9 
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